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NATIONAL ADVISORY COMMITTEE FOR AEBRONAUTICS

ADVANGCE CONFIDENTIAL REPORT

DEVELOPMENT OF THERMAL ICE-PREVENTION EQUIPMENT
FOR THE B-24D AIRPLANE

By Alun R. Jones and Lewis A, Rodert
SUMMARY

A thermal ice-prevention system for the B-24D air-
plane has been developed at the Ames Aeronautical Labora-
tory of the Naticnal Advisory Committee for Aeronautics
in cooperaticn with the Materiel Center of the Army Air
Forces and the Consolidated Aircraft Company. The subject
report includes a description of the design and an out-
line of the method of design analysis. Results of per-
formance tests of the installation are to be presented in
a supplementary report.

The thermal ice-prevention system is based upon rais-
ing the temperature of the surfaces to be protected from
ice formatiens by subjecting the inner face of the surface
to a stream of heated air. The sources of heated adr are
four exhaust gas-air heat exchangers, one on each engine.
A double-skin type of construction was employcd fer the
wings and tail surfaces, and double-pane construction for
the windshiclds. The hceated air is caused to circeculate
by the dynamic pressurc of the air stream.

. h dcsign analysis is prescnted in a gencral form, as
a possible outline for futurc computations, and is illus-
tratocd with sample calculations from the B-24D airplane
analysis.

INTRODUCTION

In cooperation with the Materiel Center of the Army
Air Torces, the Consolidated Aircraft Company, and sev-
eral equipment manufacturing companies, the Ames Aeronau-
tical Laboratory has designed, installed, and tested in
flight thermal ice-prevention equipment on the B-24D air-
plane. The work was undertaken at the request of the
liateriel Center in order to relieve the aviation industry




of some of the design and development work which is re-
auired in the introduction and application of the thermal
method of ice prevention. It was desired that the equip-
ment be developed so that production could be undertaken
at once by the airplane manufacturer. Attention, there-
fore, was given in the design to service, welght, produc-
tion possibilities, and other such features. Mr, Howard
F. Schmidt, Consolidated Aircraft Company representative
at AAL for this project, contributed matecrially in the de-
velopment .

Tho rapidity with which the project was. undertaken
and completed was duc to the interest and coopcration.
givecn by all of the intercsted agoencics.

DESCRIPTION OF THE ICE-PREVENTION EQUIPMENT

The B-24D airplane is shown in figure 1. The airplane
is a high-wing, tricyclc-gear, heavy bomber powered by four
Pratt & Whitney S3C4G engines, rated at 1100 horsepower. . An
exhaust-gas-driven cngine gupercharger is located in each
nacelle. '

The gencral layout ef the heatcd-air anti-icing system
designed for the B-24D airplane is shown in figure 2.
Eeated air is obtained from am exhaust gas-air heat ex-
changer in éach nacelle, After passing through the ex-
changer, the air is directed to the various regions to be
heated by a system of thin-wall ducts. The dynamic pres-
sure of the air stream gugmented by the propeller provides
the source of energy for the circulation of the heated air,

The design of the thermal ice-prevention equipment
for the wing outer-panel leading edge (stations 335 to
626, fig. 2) is shown in figure 3. A spanwise duct is
formed in the wing structure by placing a baffle at 4.5
percent of the wing chord, and the heated air from the
outboard heat exchangers is carried to this spanwise duct
by the feur-branch pipe system shown in figure 2. The
corrugated inner skin and the outer skin form a series of
chordwise passages for the heated air. The air enters the
rassages through a gap in the corrugations at the wing
leading edge and flows along the top and bottom inner sur-
faces of the outer skin to the termination of the corru-=
gations at the front spar (fig. 4). A series of rcinforced
holes in the front and rear spar webs allews the air to




pass through the wing interior and outh intio ot hielfaiidlieron
slot region. The outcr panecl leading edge, ready for in-
stallation on the airplane, is shown in figure 5. :

At the wing tip (fig. 6) the air, after having passcd
through the leading-edge systom of the wing outer panel,
is allowcd to pass into the forward portion of the tip and
is then made to flow betwecn the outer and inner skins.
A11 of the wing-tip heatcd air leaves the wing on the up-
per surface, in front of the navigation light.

The thermal icc-prevention cquipment design for the
wing inboard-panel léading edge (stations 164 to 275) is
shown in figure 7. ‘A pertion of the heated air at each
inboard exchanger outlet is diverted to the inboard-panel
leading edge, as shown in figure 2. The air enters a
trianguiar-section spanwise duct located at the front-spar
lower flange, which runs the entire length of the inboard
panel. The air is allowed to enter the chordwise passages,
formed between the outer skin and an inner corrugated skin
which is continuous around the leading edge, through =2
small gap at the bottom of the triangular duct. The corru-
gation passages are sealed at their upper ends and the air
passes into the outside boundary layer through 1/2-inch-
diameter holes in the outer skin. Circulation of the heat-
ed air inside the wing is normally desirable, but was not
feasible in the case of the inboard panel because of the
wheel-well cut-out in the lower skin. The inboard-panel
leading edge during installation on the airplane is shown
in° figure 8,

In addition to supplying the inboard wing panels, the
inboard heat exchangers also furnish air for the empennage
group and windshields. Tho duct system in the wings and
fuselage is shown in figure 2.

The thermal ice-preventien equipment design for the
cmpennage group is shown in figure 9. The heated air is
passed through a 4-inch-diameter tubc mounted spanwise in
the stabilizer leading edgoc. (See fig. 10.) A small slot
was cut in the duct betwecn stabilizer ribs and the thin
duct wall bent inward to form a scoop as shown in the slot
doetail of figure 9. A second skin was attached around the
stabiligecr leading cdge, cxtcnding 12 inches from the lead-
ing cdge on tho top and bottom surfaces. Chordwise spacers
were employed to maintain a constant gap of about 0.051
inch between the two leading-cdge skins. All lightcning
holes in the front spar were sealed with metal platcs. A

portion of the heated air in the spanwise supply duct passes
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through the scoop slots in the duet, through heles in tho
lending edge of the inner skin, between the two skins in a
chordwise direction, and over the upper and lower surfaces
of the stabilizer behind the front spar. The quantity of
heated air remaining in the supply duct is discharged from
the duct at the stabiliger tip and passes through holes in
the inboard skin of the fin into the fin plenum chamber.

The fin plenum chamber is a sealed region, formed by
placing baffles between the webs of the fin ribs, and pro-
vides a practical method for passing the heated alr  from
the stabilizer to the fin, The plenum chamber is shown
in figure 11. The fin thermal ice-prevention equipment
design is similar to that of the stabilizer. A second
skin was wrapped around the leading edge to a distance of
9 inches from the leading edge, and spacers were employed
to provide a constant gap between sking of 0.0625 inch.
Two 3-inch flexible ducts with outlets at the ends only
wore fastoned to the plenum chamber to direct the air to
the top and bottom ef the fin., Lightening heles in the
front spar and the two end ribs (see fig. 9) were sealed
in order to retain all of the heated air in the lcading-
cdge rogion and force it through the double-skin gap. The
empennage group, revised for thermal ice-preventieon and
installed on the airplane, is shown in figurec 12.

The thermal ice-vrovention equipment for the wind-
shields is shown in figure 13. Protection is provided for
both the pilot's and the copilet's windshields, and the
heated-air-supply ducting is shown in figure 2. The wind-
shield design consists of an inner Ploxiglas panel, read-
ily removable in flight and spaced uniformly 1/8 inch frem
the outer panel, and an entrance and exit header for the
heatad air. The heated air flows spanwise across the
windshield, from the inboard edge outward, and exhausts
from the exit header to the outside air stream through
alots cut into the forward edge 6f the side window,

The exhaust gas-air heat exchangers werec designed
around an existing portion of the exhaust-gas tail-stack
located on the bottom of each nacelle between the collec-
tor ring and the turbosupercharger. Several heat exchang-
¢rs of the cxtended surface type (having pins er fins pro-
truding into both the exhaust-gas and heated-air rcgions)
have been tcested on the airplane. Figure 16 shows one of
the typcs tested. '

In addition to the finned tube, the heat exchanger
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consists of an aluminum intake scoop (opening, 3 by 6
in.), a stainless-steel shroud around the finned region,
and an outlet manifold. The outlet of each inboard heat
exchanger includes a right-angle bypass, with a butterfly
valve, for the purpose of supplying and controlling heated
air to the wing inboard panels. One of the heat exchang-
erg is shown installed in the airplaneé in figure 17,

Control of the thermal ice-prevention system was ac-
complished by locating an electric motor-operated dump
valve in cach nacelle near the heat-exchanger outlet.

(See fig. 18.) The operating mechanisms for the inboard
dump valves were extended to include the dbutterfly valves
in the inboard-panel supply ducts. The controls for each
nacelle are independent; they are located within reach of
the copilot and are connected in such a manner that the
dump valves are always either fully open or fully closed.
The distribution of heated air in the wing outer-pancl
supPly ducts can be varied by means of three butterfly
valves ‘in cach wing, located in the threc inboard (sta-
tions 368, 450, and 515) heated-air supply ducts near the
front spar. These valves are adjustable when the airplane
is on the ground. The quantity of air directed to the
windshields is controlled by a2 butterfly valve in the sin-
gle supply line running forward in the fuselage. This
valve is normally in a fixed posgition, but it is =mccessi-
Dle to erew memboers. There are no valves in the empennange
heated-air supply lines other than the inboard-nacelle
dump valves. ‘

DESIGN ANALYSIS FOR THERMAL ICE-PREVINTION ZQUIPMENT

A design analysis of the thermal icec-preventien cquip-
ment was prepared to cstablish the dimcnsions of the heated
air passages and ducts requircd to produce the desired tem-
prerature, air-flow distributions, and pressure drops. The
gencral procecdure followed in the analysis is outlincd in
the following vages, with the various steps numbered. A
briof discussion of the pertincnt data associated with cach
step is presented, and actual computations from the B-24D
airplanc calculations arc preoscntcd as cxamples.

The following notation was uscd in the analysis:
L cross-sectional ~rca, square feot

§ surface arca, squarc foeot
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total heat flew, Btu per hour
unit heat flew, Btu per hour per unit length of span

surface heat-transfer ccefficient, Btu per hour,
square feet, °F

temperature, °p
temperature, Op absolute

weight rate of air flow, pounds per hour

unit weight rate of air flow, pounds per hour per unit
length of span

0
specific heat ef air, Btu per pound, F
absolute viscosity of air, pounds per sccond, feet

thermal conductivity of air, Btu per hour, square
feet, °F per foot

weight rate of air flow per unit of cross-sectional
areca, pounds per second, square feet

static pressure, pounds per square foot
thickness of gap between surfaces, feet
length of air passage or duct, feet

hydraulic radius, or ratio of cross-sectional area
to wetted perimeter in a duct, feet

equivalent diameter of a duct, equal to 4m, feet
specific volume, cubic feet per pound

gas constant (53.3 for air)

acceleration of gravity, fcet per second2

friction ecoefficient for air flow in ducts

distance as measured around wing leading edge, feet

airplane indicated airspeed, miles per hour

chord, feet




Subgeripts:
av . refers to average conditions

18, 3, dbte. - are cmployed to ‘defide ‘surfates or alp
spaces and used as subscripts to.indicate temper-
ature differerces, heat flow, and heat-transfer
coefficients. Thus the heat- transfer ccefficient
between a given surface (6) and adJac ent air (2)
weuld be written e o w

A few symbols used in the analysis are not presented
in the notation because they do not.appear throughout the
calculations and because their meaning is much ¢learer if
defined at the place of their use.

Thé ahalysis was based on an gssumed airplane indicat-
ed airspeed of 150 miles per hour at 18,000-feet pressure
altitude.

Step 1, Assumption of free-air temperature.- Most
cases of aircraft icing occur between the temperatures ef
0° and 32° F. For the B-24D airplane analysis the value
of 0° F was assumed.

Step 2. Assumption of average temperature at which
the heated surface is to be maintained.- According to ref-

erence 2, paragraph D-6b, the temperature rise ever the
forward 25 percent of the wing chord must be at least 70° F
above ambient air, and the rise between 25 and 75 percent
of the chsrd must be at lcast 20° F above ambient air. Di-
rect heating of the leading edge for 25 percent of the
chord 1s difficult to obtain in certain designs, and in
such cases the assumption is made that by heating directly
a smaller portlon of the leading edac (sav 1O tlon I'H vcr—
cent) to a tempcraturc risc of 100° F (instc?d of 70° F)
and then discharging the heated alr to the remainder of

the wing, the specifications of reference 2 can be satis-
fied. The Leckheed 124 of reference 1 is an example of
this compromise in design which has proved capable of
providing ice prevention. Direct heating was provided

for the forward 12 percent of the wing, raising the wing
temperature approximately 100° F, and the heated air was
discharged from the leading-edge region and circulated
through the remainder of the wing.

Direct heating of the B-24D airplane wing was limited
to the forward 10 percent because the location of the front




spar at that point prohibited further extension of the
corrugated inner skin., The corrugated region of the skin
wns subject to thermal analytical treatment. The hented-
wing design was based upon a 100° F temperature rise ever
the forward 10-percent-chord region and an indeterminate
temperature rise over the remainder of the wing. A tem-
rernture rise of the wing after-portion will occur because
of the heated boundary layer, and the discharge air from
the lending-edge system. In the case of the wing outer
panel, the heated air was discharged through the front spar
and circulated in the wing interior, similar to the Lock-

heed 12A airplane design. For the inboard panel, however,
the heated air could not be circulated in the wing interi-
or. The heated air was therefore released to the boundary

layer on the upper surface and carried back over the wing.
The stabilizer and the fin were treated in a manner simi-

lar to the wing inboard panel, with the exception that the
heated air was discharged over both surfaces of the air-
foil sections. The double-skin system for the empennage

wvas dictated by the simplicity of the revisions required
¢en the existing empennage, and the desirability of produc-
ing a suction at the heated-air exit to aid the heated-
air flew. The horizontal stabilizer leading-edge skin
tempcrature was raised 90° F, and the fin leading-edge
skin temperaturc was raised 70° F in the design. This
heating ef the ompennage surfaces should be adequate be-
cause the discharged air from the leading-edge system is
effectively distributed over both sides of the airfoil.

Step 3, Calculation of the heat-transfer coefficient
between the wing surface and the ambient air.- With the
temperaturc difference between the wing skin and the ambi-
cnt air established, the quantity of hcat romoved from the
wing skin depends upon the outer-surface hcocat-transfer
coefficient, The coefficient can bc calculated from the
data in refercnce 3, although this method involves some
crror becausc of the low Reynolds number at which the tests

werc made. Anothor method of determining the heat-transfor
cocfficient, bascd upon the relatien betwecn hoeat transfer
and vigscous drag, is presented in reference 4. For the

B-24D airplane analysis, the data in reference 3 were em-
pleyed by extrapolating in the equation

n
et el AV el
&l 1 e <V' ek £L)

wvhere the first prime refers to values from reference 3,
the second prime to values for the B-24D analysis, and n




is & éonétanﬁ dependent upon the portion of the wing chord

under consideration and the angle of attack of the airfoil.

The effect of changes in altitude upon the value of the

heat-transfer coefficient (h) has been conservatively

.neglepoted in the derivation of equation (1). In the case
of the B-24D wing outer Danel the design analysis was
¥ tased upon supplying enough heat to the wing forward of the
.. front spar to produce the 100° F rise of step 2. The value

of = “for equation (1) there;ore, was ebtained from table
I, reference 3 corresp@nding to the forward scctien of an

“adrfoil at appfcximately 2° angle 0of attack. The design

indicated airspeed - (V" = 150 mph) - and the varieus values
of outer-panel chord - (e¢") were substituted in equation
(1) to produce the values of h wpletted in figure 19.

The subscripts eleOJea in figure 19 -are used in the manner
explained under Wotation and refer teo the regions and sur-
faces shown in section A-A, figure 20.

Step 4. OCalculatien of the total heat flow from the
critical design surface.- In order to estimate the quantity
cf heat that must be .supplied to the thermal ice-prevention

system to produce the required temperature rise, the total
heat flow from the design critical surface must be calculat-
ed by’ equation

ay, = (hy ) 8(t,_ ) (2)

av 6—7"av

(See equation (1), p. 136, reference 5.,) For the B-24D
airplane-wing outer mnanel, the design surface was the en-
tire outer-panel surface forward of the front spar. The
distance arocund the wing leading edge from top to bottom
of the frent spar is. shown in figure 19, and the average
value for:the:outer panel multiplied by the panel span rc-

"gsulted in a surface area of 45.3 square fect, From fig-

ure 19, h,y for the outcr panel =.13 Btu por heur, squaroc
foet, °F. Then

Qg = 13 x.45.3 x 100 = 59,000 Btu per hour

Stop b. Estimation of the amount of heat that should
be_available in the heatod air to insure the nccessary

heat flow to the surface.~ The quantity of hcat that must
- be supplied to the design surface is taken to be frem two

to four times the heat flow from that surface, depending
upon the amount of heating the air is expected to deliver
after leaving the leading-edge region. In the B-24D outer
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panel the total heat to be supplied to the ieading—edge
region was assumed to be 200,000 Btu per hour. '

Step 6. Assumpticn_ of a temperature rige for the
heated air.in passing through the heat exchanger .- The de-
sign temperature rise through the heat exchanger is usually
determined by the. maximum temperature,allowable.forathov
heat exchanger and heated-air-duct materials, and possibdble
cffects of . elevated temperatures on the airglane primary
structure. A heated-air tgmperature of.300 F at the ex-
changer outlet was considered to be a reasonable and safe
design value for the B-24D airplane. :

Steom 7. OCalculation of the rate weizht of.alr flow
reguired.- The quantity of air that must pass through the
heat cxchanger in a given time, with a temperature rise
cstablished by step 6 in order to preduce the available
heating of step 5, is dctermined by

o o . : (3)
Cp AN/ _

; (0]
whero At is the heated-air temperaturc rise in F. For
the B-24D outboard hcat cxchangers using the value of p
from figure 28, -

200000  _
0.24 X 300

(i 2730 pouﬂds per hour

‘Step 8. Design of the heated air passages.- The .de-
sign precedure employed was to divide the wing. surface
into unit strips running chordwise and consider the heat
flow for a sufficient number of strips to define the wing
heating. The width of the division strips for the outer
wing panel was taken as 1 inch, or the spanwise distance
covered by a single corrugation.

Step 9. Application of stéps 2, 3, and 4 to individ-
ual chordwise strips.- The heat flow from the outer-sur-
face area of each strip considered ig determined by appli-
cation of steps 2, 3, and 4 in the game manner as employed
to determine the total heat flow from the total eritical
surface. The single corrugation strip at the inboard edge
of the outer wing panel (station %35) will serve as an’ eX-
ample. The heat flow from the outer surface,
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; s 3
Q-7 = hBg-p be-7 i3 (4)

he—p = 11.6 Btu per hour, square feet, °F (fig. 19)

s = 2.45 feet (f4=. 18)
tgop = 100" F . (step 2)
Ggn = 11,6 X 100 X =255 = 25 Btu per hour

12

Step 10. Assumption of weight distribution of heated
alr.- The distribution of the heated air to the various air
passages ‘i's determined by trial and error, consideration
being given to such factors as the larger heating requirc-
ment at the wing root, the increased surface transfer coef-
ficient at the wing tip, and the pressurec drop in the air
ducts and passages. The final weight distribution whkich
proved satisfactory in the airplane analysis was to supply
the air to the cofrrugatiens in gquantities inversely propor-
tional to the square root of the distance around the lead-
ing cdge, or

. Sav
W o= Way J/*:_ (5)

The.B-24D sairplanc-wing outer panel has 291 corruga-

tions; therefore.the value of w . at station 335,
w o= 2730 1.87 . 4,1 pounds per hour
Db i 2.45
Step 11.~ Calculation of the temperature drop of the
heated air in the chordwise passages.- The quantity of air

flowing in each passage and the heat removed from the air
having been established, the temperature drop of the heat-
ed air can be calculated by applying an adaptation of equa-

tion (3). TFor the corrugation at ‘station 335,
q 237
b, - b, = —2=7_ = = 118° ¥
X 3 " 2epw 2 X 0.24 % 4.1

Step 12. Design of the heated air passage to produce
the reguired heat flow.- The remaining step is to vary the
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Rewynolds number of the heated air by changing the alr-pas-
sage dimensions until a heat-transfer coefficient for the
ngide of the passage is produced which will supply the
necessary heat to the outer skin, with the average tempera-
ture of the air in the passage determined from step 11.

The Reynolds number for the flew of the heated alr is ex-

pre‘eed :

G D :
Re = WTTQ (See pp. 99 and 235, refercence 5.)

The heat-transfer’ couff101 ent for the inner surface
of the passage is determined from empirlual data showing
the variation of the huSlet numb with Reynolds number
where the Nus solt numbe '

Wu = ===%  (See p. 96, reference 5.)

Empirical data which have proven satisfactory in de-
tecrmining the air-passage heat-transfer coefficient are
presented in figure 65, reference 5, and the recemmendcd
curve AA from the figurc has becen reproduced in figure 22
The data detofmining the curve AA in figure 22 arc dircet-
ly concorncd with fluid flow in circular ducts, but expo-
rience has shown that reasonably accurate calculations
for ducts of noncircular cross section can be based upon
the curve AA, provided the devparture from a circular cross
section is not too severe, In designs where the air pas-
sage consists of two parallel plates, such as the :empennage
and windshield design for the present airplane, the empir-
ical data presented in figure 7 of reference 6 and repro-
duced in figure 22 are recommended. These data are plot-
ted on the basis of the gap width 4 as the equivalent
diametcr D,, and their comparisen in figure 22 with the
recommended curve AA from reference 5 reveals the error
that can be intrcduced by applying curve AA to alr nas-
sages of noncirculasr scction.

In the casc of tho B-24D airplanc wings, thel heat-
transfor coofficlont inside the corrugation air passages
was bascd upon curve AA, figurc 22 Considering the single
corrugation at station 325,

G= L = 4.2 = 1,49 pounds per sccond
3600 A 3600 x 0,000765 B e e Ay




“of W from ‘figurg 31,

. tl = SOOO Fn

3

Tho hyﬂraulic.radius.of the air passagoe (sbe ecorrugation
detail dn fig. 3) is equal to 0.0043 foot. With tho waluc

”

e s B0
i § R s LWE ‘
. From cuyvo A4, figiive 22, for Beve 1710; - A
U e . ] h D . 3 g L “ Vo o
ooy s } . I ) :u': = - k ¥ v .
Frbm:figurovzi. ;kv=1050162} And‘thcreforcj7‘ ©

b e fe ¥, 040162 _ 5 3 By per: hour,

D0 ot - i0) & (o}
! X :0.0048; . . square feet, F
The awveraga témpcratﬁrc of the sir in'rogion 2, assuming
2 : . Mtk )

2

L -+ 118 . .
By s = B0Q 2 S5 =1241° T
.av

J

The quantity of heat.flow to the skin then bocomes

- .92-6 T h‘a—a & "i_zx (tza'\‘/“?'ts)
_ 2.45

7.3 X x 141

210 Btu per hour

" This value of qp- 1is in satisfactery agreement with the

value of qg., equal to 237 Btu per hour determined in
step 9. The thermal design for the wing inboard panel and
the "empennage was made in a manner similar to that usead
for 'the odtbbard-panel design, and.the results are shown

ig figures 20 and 23.

In thé'case of-the B:24D,airplane windshield, suffi-
cient data were not aVailable to determine the heat-
transfer coefficient from the outer surface. Steps 2, 3,
and 4 of the design precedure were replaced by the assump-
tion that a heat flow from the outer surface of 1000 Btu
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per hour, square feet would be suffieclent to provide ice
protection. (8ce p. 8, reference 1.) Further neeessary
assumptions were the temperature of the windshield outer
panel, assumed to be 50° ¥, and the temperature of the air
entering the gap between the panels, assumed to be 150° F.
The design was then cempleted by assuming different quan-
tities of air flow and values of gap size until a combina~
tien was feund which would produce the required outer-
ranel heating. - The results of the windshield analysig are
shown in figure 20. The desired temperature rise for the
critical surfaces having been established, the pressure
drep in the air passages and the design of the heated air-
supply ducts to obtain the necessary weight of flew distri-
bution are examined. Unless an air pump of some so¥t is
incorperated in the thermal anti-icing system, the e¢ircu~-
lation of the heated air is dependent upon the total .en-
ergy ef the air at the heat-exchanger inlef. Secondary
factors which may be considered to aid the propulsign of
the air through the system are the addition of energy to
the alr in passing through the heat exchanger and the lo-
cation of the ailr outlet at a point of 4ow pressurc. For
the B-24D theygal ice-prevention system, the energy effegt
in the heat cxchanger was neglected and = prossure drop of
5 inches of water, or approximntely oneshalf the valuoc of
the dynamic prossurc for the design indicatocd speced of 150
miles per heour, was assigned to the heat cxchangers. In.
order to obtain thc weight distribution of air desired in
the surface-hcating calculations, the prcssurc drop must
be cqual slong all heatcd air paths, frem the hoat~ ‘
oxchanger outlct to tho air cxit from the wing. Tho gen-
cral design peggedure is to caleulatc the prossurc drop
required in the various alr passagces and then dosign the
supply ducts to produce equal pressurc drop in all ef the
poessible alr paths,

The pressure drop in the heated alr passages and.the
supPly. ducts was calculated by the eguation a

8% Lvg = vi) | oy NO° vy

N PR
vt 2 = g 2 gnm

(6)

(equation (35), p. 130, reference 5), where the subseripts
1 and 2 represent the extent of region over which the
pressure drop is calculated, The first term ef equation
(6) was found to be negligible in this ease and there-
fore dropped from the equation. Data from which the fric-

tion factor fnv may be abtained are presented in figure
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24, whieh is n reproduction of figure 8, reference &, .The
curve in figure 24 refers to flow .in circular .pipes, and
the datn plotted in the figure were obtained 'in model . .
‘tests with air flow in a narrow gap between parallel sur-
faces. Figure 24 was employed in the analysis in the same
manncr. as figure 22; that is, the curve for circular pinocs
was used when determining ' f for the corrugated air pas-
snges and supply ducts, and the plotted data were uscd
when detcrmining f for air flow in the cmpennage and
windshiecld gaps.

Considoring a single corrugation air passage at sta-
tion .335, outer wing panel,

- MR = EE': PR 2 00 xiz s 35.4 cubic feet per poﬁnd

o 2116

The static pressure at 18,000 feet was used in calcu-
lating the specific volume,

G Dy 1.49 X 4 x 0.0043 X 10°

SRer = = =RV
0 115515
f,y = 0.0094  (from curve in fig. 24)
s
n = — = 1,22 feet
2
G = .4 = . 4.1 = 1,49 pounds per second,
3600 A 3600 x 0.000765 e b8 Det
m = 0.0043 feoot
Pressure drop from region 1 to region 3,
£ _ NG® v 0.0094 X 1.22 X 1.49° x 35.4
Pl -— P:5 = av av = s
A2 gn 2 ¥ B2 W IOS0043
P, - P, = 3.3 pounds per or 0.6 inch efrwaters.

square foot

Extension of the pressure-drop calculations to other cor-
rugation air passages in the wing outer panel indicated
that the pressure drop from region 1 to .region 3 was sub-
stantially constant for the entire panel. (See sec. AA,
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fig., 20.) 1In order to produce the desired distribution of
the heated air, therefore, the pressure dron from the out-
board heat-exchanger outlet to any point in region 1 had

to be constant. The spanwise pressure drop along region 1
was found to be too large if all of the heated air were
admitted to the region at station 325, hence the air was
supplied in four tubes as shown in figure 2., The pressure
drop through the corrugation passages in the inboard-panel
leading edge was calculated to be 5 inches of water as
shown in section BB, figure 20. This large drop Was con-
sidered allowable because of the location of the heated-
air—-exit holes in a low-pressure region, For the emven-
nage group (fig. 23) the fin heated-air gap was designed
larger than the stabilizer gap in order to approximately
compensate for the nressure drop in the stabilizer leading-
edge supnly duct. &

Instrumentation of the B-2U4D Airplane for Tests

Thermocouples, pressure orifices, and venturi meters
were included in the design of a portion of the B-2UD
airplane thermal ice-prevention equipment in order to
measure the performance of the installation in flight
tests. The following factors were considered to be of in-
terest:

1. Quantity of air flow through the heat exchang-
ers and various parts of the equipment.,

9 Temperature of the heated air throughout the sys-
tem,

3. Temperatures of heated surfaces, namely, wing and
empennage outer surfaces, parts of the internal
structure, windshield panels, and heat-éxchanger
surfaces.

u. Temperature of the exhaust gas.
5. Static and total pressure at the heat-exchanger

inlets, and static pressure of the heated air
throughout the systen.

6. Exhaust-gas static-pressure drop through the heat :
exchanger, ‘

The quantity of air flow was determined by the use of
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venturi-meters. Four such meters were installed, as shown
‘in figure; 2i ~one ,in the 5 lnch supply-line from the right
outboard -heat exchanger, one in the 3~inch 1nboard—pane1
supply line from the. right 1nboard heat exchanger, one in
the 2-inch Supply duct to the conllot's windshield, . and
one in the 6-inch sup»nly duct to, the empennage (1ocated
aft of the Junotlon of: the duects from the ‘1nboard heat ex-
changers). The ratio of the throat diameter to pipe diam-
eter for the venturi meters was. Oc7

All temperature readings were obtained With iron-
constantan thermocouples and a Lewis ootentlometer,; -The
identification -drawing for the thermocouples is shown in
figure 25.. The dash numbers following the thermocouple
numbers in. flgure 25 refer to t he type of 'thermocouple
mounting, as detailed in figure. 26. " The Plexiglas shield
for type 5; flgure 26, was'required because the thermo-
couple Jjunction: otherw1se would move away from the outer
skin.and protrude 1nto the ‘ambient air stréam. Two thermo-
couples were ‘located in the 1ntake scoop-of the right -
" inboard hﬁat exchanwer.

The locatlons of the oressure measurement points are
shown in- flgure 27.. All measurements were of static
pressures, with the one : exceptlon of the -total pressure in
the intake scoop oL the. rlght inboard heat eXohanger.
‘Three total-pressure heads and two static-pressure heads
Wwere ‘distributed across: the exchanger inlet because pre-
liminary fllght Tests revealed a varigtion  in total head
in that region"at low angleés of ‘attack. The dash numbers
follow1ng the’ pressure—orlflce numbers in figure 27 refer
to the type of orifice mounting as. shown in figure 28.

All pressures, with the exception of the exhaust-gas
bressures, were referred to the total pressure from the
Pitot—static airspeed heads-located at the .nose of the
airplane. -The ‘pressure differentials were indicated by
water manometérs and airspeed indicators. The absolute
values of the two exhaust- gas pressures were indicated by
a manifold pressure gage. '4A callbratlon of the difference
beiween the:static pressure at: the airvlane airspeed heads
and free-stream static nressure was obtained bv suspending
a trailing static head from the airplane, The static cal-
ibration of the airspeed heads provided a basis for refer-
ring the test pressures to free-stream static pressure
and for determining the correct indicated airspeed of the
airplanes
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PRELIMINARY FLIGHT. TESTS ~ RESULTS AFD .-DISCUSSION

Preliminary flights have been conducted with ‘the B-2UD
airnlane to test the performance of the thermal ice=
nrevention equipment. Supnlying a quantity of  heat to the
wing outer panel equal to apvoroximately 65 percent of the
design quantity produced a temperature rise of the skin for-
ward of the front spar slightly in exceéss of the deéesign
value, Indications are that the remainder of the thermal
ice-prevention design will be equally satisfactory when heat
quantities apnroximating the design values are supnlied from
all four heat exchangers., ~Data on the performance tests of
the complete installation Will be presented as a suﬂnlemen~
tary report later.. : :

Weight of Equipment

Calculations have been made to estimate the increase
in weight of a B-2U airnlane:resulting fréom the installa-
tion of » production modification of .the subject thermal
ice-prevention system. A study of a production design
was considered more desirable than a presentation of the
weights of the B-24D airplane installation because that
installation is an experimental revision to an existing
airplane and the weight factor was not given the consider-
ation that it would receive.in a production design, The"”
calculations indicated that the weight of 'a B-2U airvlane
(not equipped for ice protection) would be increased about
300 pounds by the installation of thermal ice-nwreévention
equinment, Attention is called to the fact that ‘the figure
of 300 nmounds is subject to revision on ‘the basis of main-
tenance and durability requirements as determined by the
manufacturer's experience. The 300-pound weight of -the
present equipment compares with the 230-pound weight of
the inflatable de-icer equipment that it renlaces. The
latter. does not include windshield de-icing, however.

CONCLUSIONS

'1. Thermal  ice-prevention equipment for the B.2UD
airplane wings, empennage; and windshield is structurally
feasible, : : : g

2 The thermal ice-vrevention eouinment installation
will probably satisfy all design requirements.
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3., A modified production installation of the thermal
ice-prevontion systom would increasc tho weight of a B-24
airplanc (not cquipped for icc protcction) about 300 pounds.
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Figure 1.- The B-24D airplane in which thermal ice-prevention equipment on the wings, .
empennage, and windshields have been installed. [
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NACA Figs. 4,5

Figure 4.-
Details of
the wing
outer panel
leading

edge of the
B-24D air-
plane during
alteration
fioristhe
thermal ice-
prevention
equipment.
Shown are

the air gap
at the lead-
ing edge,
nose rib
construction,
and the baffle
support angles.

Figure 5.-
The right
wing outer
panel lead-
ing edge - B
for the B-24D |
airplane

after the
alterations

were

completed a0 : .
for the in- = ; roaa Ll
stallation A B {

of the ; :

thermal ice-

prevention

equipment.

The photo-

graph shows

the heated-

air supply

inlet holes

through the

baffle plate,

g o END

il




RIV-NMYTS TOP £ BOTION

INNER SK
fé‘X/Jﬂ/V‘j

SEALED

BULKNEAD ~——\

SURFACES /N

EX/STING HOLES =

t— RIVET /N
EXISTIN
AIR EXHAUST -TOP HoL Er; =
SURFACE onLY (70P &
Borrom)

240 woiEs TwRY OUTER SKIN L,

%_ 2

INNER SKIN - TOP
AND BOTTOM SURFACES

INNER SKIN (EXISTING)

RUBBER SPACERS

OUTER SKIN

w
£7RONT SRR

SECTION C-C
SCALE /2"« 10"

YOVN

/- NEW OUTER SKIN (‘040 35F 4/ St ;’l o

RIB 47 STA. 28
SCALE 25 /20"

Ac CESS PANEL

B ARANNN

Llﬂﬂfﬂ SKIN

(€x1sTING)

PLAN VIEW OF LEFT WING TP
SEALED SCALE 3% "0
BULKHEAD

OUTER SKIN (040" .25 5 )

N—wwar skin (exisTivg)
TNMER SXIN (EXISTING)

SEALED
| ——BULKHEAD

.\\ , RIYNUTS (UNDER EXHAYUST B
FMIOE RUBBER SPACERS o PANEL ONLsy
SECTION A-A SECcrion 8-8

SCALE /2% 1°0" SCALE J2™/0"

/.;:r“m e
s

EXISTING 18

secerion D-p°
SCALE 12%e 110"

Figure 6.- The heat-

ed wing
tips of the B-34D -
airplane showing L
the double skin =
leading edge details.




FLYSH RV ETS

OUTER SK/V —
OO - PE ST - hC

WO0L BLOCK SEANL

DOUBLER STR/P

CORRYCATED INNER SKIN ~
CONTINUOUS IROUND LEAOING
EFOOL ~ NEE FNF. 3 FOR LEVAILS

FRONT SP4R
AT 2O cHoORD

=G
—T \:\_
Hor A/R dvCT —/ . ~

\
OPS - 2L ST ghC. R\

Figure 7.- The wing inboard panel leading edge
design for the thermal ice-prevention equip-

ment on the B-24D alrplane. IR R4 $54 CE RO

DET TO CORRUISATIONS

A-3T

NERNTLED NIR LXAA L ST Pt
ATHOSPNERE THRY 5 A4, HoLESL
SRHCED LVERY NeA

/_

THIS PORTION OF OUVET
/— APTRENED 7O ARON T DR

VOVN

THIS PORTION OF-DUCT™ '
ATTACHED TO LEAPING EOFE

MELTHD AIR ARON INOAIAD

NEQT™ EXCHANCER

b
0
~



NACA

i 4; ﬁ;%}w\?s

: R A
: AAL-2310.

3 Figure 8.- The left wing inboard panel leading edge of the
B-24D airplane shown during the installation of
the thermal ice-prevention equipment.

Figure 10.- The horizontai stabilizer of the B-24D airplane

during the installation of thermal ice-preven-
tion equipment, showing the lightening holes in the nose ribs
through which the heated-air duct was installed. The stabil-
izer is viewed from above in this photograph.
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NACA Figs. 11,12

—es

AC
; ' AAL 5%97

3 Figure 11l.- The inboard side of the right vertical fin of the
B-24D airplane during the installation of the
thermal ice—prevention equipment, showing the plenum chamber
and air ducts running to the top and bottom of the fin,

o Figure 1<.- The empennage group of the B-34D airplane in
which provision has been made for thermal ice
prevention.
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NACA Figs. 14,15

Figure 14.- The pilot's air-heated windshield on the B-24D
airplane, showing the inner panel partially
removed.

Figure 15.- The pilot's air-heated windshield on the B-24D
airplane, with the inner panel secured in
position.



NACA Figs. 16,17,18

- NACA
AAlz-2352

Figure 17.- The exhaust-air heat ex-

changer installation on
- B the B-24D airplane in the right out-
RS board nacelle.

C A

N A
AAL-2459

Figure 16.- A section of the B-<24D airplane exhaust gas tail-
stack which has been converted to a fin-type surface
heat exchanger for use with the thermal ice-prevention equipment.

Flgure 18.-

The heated-air
dump valve for
the right out-
board exchanger
on the B-24D
airplane. The
position of the
electric motor-
operated valve
determines
whether or not
the heated air
enters the
thermal ice-
prevention
equipment.
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Figure 25.- The thermocouples which were installed on the B-24D airplane
and which were employed in studying the thermael qualities of
the ice-prevention equipment,
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Figure 27.— The pressure orifices which were installed on the B-24D air-
plane and which were employed in studying the thermal quali-
ties of the ice-prevention equipment.
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Figure 28.- Pressure orifice details employed
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